In the wing discs of Drosophila, the mecanosensory precursor cells are singled out from clusters of cells blocked at the G2 phase of the cell cycle. This mitotic quiescence and the selection of the precursors are under strict spatio-temporal control. We forced G2 cells to enter mitosis by overexpression of string, the Drosophila homologue of the cdc25 gene. Premature entrance in the cell cycle is associated to a loss of precursor cells. Precursors are lost consecutively to a transcriptional down-regulation of the determinant proneural achaete/scute genes. This down-regulation results from an over-activation of the Enhancer of Split genes, known as effectors of the Notch signalling pathway. We conclude that exit from the cell cycle is required for proper neural cell fate determination. q
Introduction
Development requires a precise patterning in time and space, not only of cell fate and differentiation, but also of cell proliferation. Equally, cell proliferation could influence the developmental program to ensure that patterning does not become uncoupled from growth. While the regulation of the cell cycle apparatus is quite well understood, and its key elements are highly conserved among eucaryotes (Nurse, 2000) , how cell proliferation is controlled during animal development remains rather obscure. Previous work supports the idea of a dual implication of signalling genes in the control of cell patterning and cell proliferation. The genes wingless (wg) and decapentaplegic (dpp), for example, are capable both of activating morphogenetic genes and of regulating cell proliferation in the wing disc of Drosophila (Milan, 1998) . The control of cell cycle by organizing molecules seems to be context-dependent, however (Burke and Basler, 1996) . The expression of wg induces cell cycle arrest at the dorso-ventral boundary ), yet acts as a mitogen in other parts of the wing disc (Neumann and Cohen, 1996) . Likewise, the Notch signalling pathway can act either as a direct activator, or as an indirect repressor, of cell proliferation in the wing disc Baonza and Garcia-Bellido, 2000) . These results support the idea that the same gene control cell proliferation and pattern formation. Reciprocally, the cell cycle could itself be a determinant of some steps of a developmental program.
Here, we have investigated to what extent the cell cycle influences the development of the peripheral nervous system (PNS) of Drosophila, whose installation is spatially and temporally associated to a G2 cell division arrest (Usui and Kimura, 1992) and in which lineage decisions are made.
The sense organs of the fly all derive from precursor cells which are selected among groups of competent cells, the proneural clusters (Ghysen and Dambly-Chaudiere, 1989; Romani et al., 1989) . The progeny of a single precursor, which divides during its lineage to generate five cells, forms each adult sense organ (Gho et al., 1999) . Three cells will differentiate into internal structures, and two will differentiate into external structures (the socket and the bristle). In the case of the sensory bristles that form on the fly notum, the proneural competence is provided by the expression of the genes achaete (ac) and scute (sc) of the achaete-scute complex (AS-C) (Cubas et al., 1991) . Within each proneural cluster, one cell is selected to take on neural fate and becomes a precursor (Kimble and Simpson, 1997) . This selection depends on the lateral inhibition processes. Lateral inhibition relies on a feedback loop between the Notch receptor and its Delta ligand which are initially expressed by all cells of the Ac/Sc expressing clusters. By cell-cell interactions, cells expressing higher levels of proneural genes send stronger Delta inhibitory signal to their surrounding cells, and constitutively prohibit them to adopt the neural fate. This inhibition signal, through activation of the Notch pathway leads to extinction of ac/sc transcription by the Enhancer of Split genes (E(Spl)). Therefore, E(Spl) genes behave as a gene switching between neural versus epidermal fates.
During the formation of proneural clusters and the emergence of precursor cells, cell proliferation is under strict spatio-temporal control. At the beginning of the third larval instar, heterogeneities in mitotic activity can be observed in the wing disc: clusters of cells stop at the G2 phase of the cell cycle and form mitotically quiescent domains at reproducible locations. The precursor cells that give rise to the macrochaetes (the large mechanosensory bristles), are singled out from among these mitotically quiescent cells (Usui and Kimura, 1992) . The precursor cells that form the small bristles (microchaetes) appear later, during the pupal stage. They form in the central region of the presumptive notum at the time when all mitotic activity has ceased in this region (Hartenstein and Posakony, 1989) .
In order to enter mitosis, the cell needs the activity of the CDK1-cyclin complex, which forms late in S-phase but remains inactive because CDK1 is phosphorylated at key residues. The phosphatase encoded by the cdc25 gene removes the inhibitory phosphate groups and thereby triggers mitosis (Reed, 1995; Sprenger et al., 1997) . In all metazoans investigated to date, cdc25 homologues control the G2/M transition. In Drosophila, the cdc25 homologue, string (stg), was first identified through the analysis of mutations affecting embryogenesis (Edgar and O'Farrell, 1989) . In stg mutant embryos, several thousands of cells generated by the end of the blastoderm stage are prematurely arrested in G2. Nevertheless, many structures (including sensory neurones) differentiate properly in stg mutant embryos, suggesting that most specification processes in Drosophila embryogenesis are not perturbed by a cell cycle arrest (Hartenstein and Posakony, 1990) .
Overexpression experiments have confirmed that stg controls cell proliferation in the wing Milan et al., 1996a,b; Neufeld et al., 1998) and other imaginal discs (Kylsten and Saint, 1997) . Forcing G2-arrested cells in the wing disc to enter mitosis seems, however, to have little or no adverse effect on general adult development (Kylsten and Saint, 1997) . But there is some evidence that if mitosis is forced in proneural precursor cells, the development of adult sensory organs may be perturbed (Kimura et al., 1997) .
When we forced mitosis in proneural clusters during imaginal disc development by overexpressing stg, we observed a wide range loss of sensory organs in the resulting adult flies. We demonstrate that this neural phenotype is the result of a previously not described function of stg : stg downregulates at the transcriptional level the proneural genes and is able to activate targets of the Notch pathway independently of Ac/Sc proneural activity. We conclude that the control of the cell cycle plays a crucial role in the determination of sensory precursor cells.
Results

Precursor cells and mitotic quiescence
In early third instar larvae, the nuclei of wing disc cells widely incorporate BrdU, reflecting a generalized mitotic activity. By the end of the third larval instar, when the first sensory precursor cells appear, the mitotic activity has become markedly heterogeneous (Fig. 1A, red staining) . It has previously been shown that the precursor cells ( Fig. Fig. 1 . Neural precursors and quiescence in the wing disc. (A) In a A101 wing imaginal disc at 12 h before puparium formation (BPF), the emergence of precursor cells is visualized by anti-galactosidase labelling (green ; cf. Section 4) and is superimposed on the pattern of BrdU incorporation (red). Only the precursors of the macrochaetes, in the region of the disc corresponding to the adult notum, are white-arrowed and labelled with corresponding abbreviations: aDC and pDC, anterior and posterior dorsocentral ; aPA and pPA, anterior and posterior postalar ; aNP and pNP, anterior and posterior notopleural ; aSA and pSA, anterior and posterior supraalar ; aSC and pSC, anterior and posterior scutellar ; PS, presutural. A precursor, which divides in its lineage, is labelled in yellow. (B-F) Quiescent clusters are indicated by black-tipped arrows (B, 18H BPF; D, 6H BPF ; C,E,F, OH PF).
1A, green staining) invariably appear in regions of low mitotic activity (Usui and Kimura, 1992) .
We focused on the presumptive notum, the region of the wing disc where the precursors of the thoracic bristles are defined. We confirmed the presence of clusters of mitotically quiescent cells at reproducible locations, amidst a general population that is still actively incorporating BrdU. The emergence of precursor cells invariably takes place within one of these clusters of quiescent cells. This is illustrated in Fig. 1 for the pDC and aNP precursors (panels B and D, respectively). Nevertheless, the shape and size of the mitotic quiescent domains are highly dynamic and variable depending on their location. In some cases, such as the aDC precursor, a quiescent cluster is already present where the precursor will later emerge, but quiescence is lifted as soon as the precursor cell is singled out (compare left parts of Fig. 1B , C, respectively, before and after the emergence of the aDC precursor). In other cases, as for the pDC, the pNP and the aPA, a quiescent domain is still present when the precursor emerges (Fig. 1B for pDC and 1D for pNP), but the quiescent cluster reenters into mitosis at the moment when the precursor divides itself in its lineage ( Fig. 1C for pDC, E for pNP and F for APA). In a third case, the quiescence is still visible before and after division of the aNP or pSA precursors (Fig.  1E, F) . Notably, the aNP precursor forms in the centre of a quiescent domain (Fig. 1D ), but divides in the periphery of a quiescent domain (Fig. 1E) , while the pSA precursor divides in the centre of a quiescent domain (Fig. 1F) , again giving an illustration that the shape and size of a quiescent cluster are highly dynamic. In summary, the re-entry of the precursor cell into mitosis during its lineage, and the re-entry into mitosis of the surrounding epidermal cells, are independent of each other. Depending on the location, the cells of the cluster may reenter the cell cycle before the precursor undergoes its first mitosis at the same time, or later. Thus, triggering of the first lineage division in the precursor, and exit of mitotic quiescence in the surrounding epidermis, are clearly under separate controls.
Relieving mitotic quiescence in proneural clusters
In order to prevent cells from remaining in G2 phase, we induced the expression of string (stg), thereby triggering the entry of G2 cells into mitosis (Edgar and O'Farrell, 1989) . In normal flies, the expression of string is under the control of a very large upstream regulatory region that can be separated into distinct enhancer elements, each of which directs string transcription in defined cell types (Edgar et al., 1994; Lehman et al., 1999) . We have disrupted the normal regulation of stg by using the Gal4/UAS system, whereby a Gal4 driver directs the expression of an UAS-stg transgene (Brand and Perrimon, 1993) . String overexpression in imaginal discs was previously shown to dramatically decrease the fraction of cells in the G2 phase of the cell cycle. The length of the G2 phase is shortened, and this is compensated by an extend of the following G1 phase. As a consequence, overexpression of string does not alter the number of cells in a tissue (Neufeld et al., 1998) .
Given the dynamics of mitotic quiescence and proneural selection, we wished to analyse the effect of inhibiting quiescence by using a driver specifically expressed before proneural acquisition. One obvious candidate driver is the sca-Gal4 insertion, where the Gal4 gene is specifically expressed in the proneural regions prior to the emergence of the precursor cells (Mlodzik et al., 1990; Renaud and Simpson, 2001 ). However, the sca expression depends itself on the ac/sc proneural genes and the Notch pathway (Singson et al., 1994; Lee et al., 2000) . Second, sca is expressed in at least some precursor cells and might interfere later with the sensory lineage. Therefore, while we used the sca-Gal4 driver in some experiments, we looked for another driver the expression of which would be completely independent of the proneural genes, and would be expressed before but not after the commitment of the precursor cells. A previously extensive description of the klu-Gal4 driver reveals that the klumpfuss gene (klu) is transiently expressed in a highly dynamic pattern that overlaps most proneural clusters (Klein and Campos-Ortega, 1997 ). This expression is independent of Ac/Sc expression, but appears at or shortly after the onset of proneural genes expression, and is restricted to a narrow temporal window prior to precursor cell selection (Boulianne et al., 1991) . We visualized the expression of Gal4 in a klu-Gal4 line by using an UAS-GFP reporter line ( Fig. 2A ). We observed a marked expression in regions that include the NP and the DC domains, and to a lesser extent the SA region as previously described (data not shown, Klein and Campos-Ortega, 1997) . We then examined the effect of klu-Gal4 driven stg expression on the G2/M transition by immunolabelling with the mAbF2F4 anti-cyclin B antibody (Huang and Raff, 1999) . As illustrated in Fig. 2B , we observed a clear decrease of cyclin B protein in regions of stg overexpression as compared to the surrounding cells, that reflects entry into and progression through mitosis (Takizawa and Morgan, 2000) .
The expression of stg in proneural clusters results in a loss of bristles
In wild type flies, the number and position of macrochaetes is constant, while the microchaetes form a stereotyped pattern of longitudinal rows (Fig. 2C ). Overexpressing stg under the control of the klu-Gal4 driver resulted in a marked loss of bristles ( Fig. 2D ) without any noticeable effect on the general morphology of the thorax. About 50% of microchaetes are missing. Furthermore, the remaining microchaetes are disorganized and the stereotyped pattern of rows is largely lost (Fig. 2D) .
The rate of loss of the macrochaetes varies depending on position: based on counts of 100 hemi-thoraces, we found losses ranging from 95% for the aDC to 20% for the pNP, pSA, aSA and 10% for pDC and aPA (Fig. 2E ). The few aDC that form are often shorter than normal (Fig. 2D ). It has been proposed that the length of macrochaetes in wild-type flies is correlated to the time of emergence of their precursor cells (Huang et al., 1991) . The size reduction of the aDC suggests therefore, that the overexpression of string delays the emergence of the precursor cells rather than affecting some subsequent step of the lineage.
When stg was expressed under the control of the sca-Gal4 driver, we also observed a loss of microchaetes relative to the parental sca-Gal4 line (not shown). In the case of the macrochaetes, the rate of loss varied according to position, but the pattern was not the same as that observed with the klu-Gal4 driver: 72% of PSA, 65% of aDC, 35% of aNP and 22% of pNP were missing.
All bristles of the notum share the common property of being affected by string overexpression. We have also observed loss of leg bristles, head bristles and sternites in the ventral part of the abdomen (data not shown).
Altogether, these results suggest that the bristle determination mechanism in Drosophila is conserved, that it employs an element of the cell cycle control. The dynamics of this control are critical for correct patterning. Indeed, depending on their location and/or their timing of emergence, each bristle is more or less sensitive to the string overexpression. For example, the PSA is lost at 72% using the klu-gal4 driver, but at 20% using the sca-gal4 driver. This difference is more likely due to the variability in the timing and/or the level of gal4 expression between the two drivers. Moreover, Renaud and Simpson have reported a local quantitative discontinuity in the levels of Sca between cells of the proneural groups (Renaud and Simpson, 2001) .
Furthermore, when cell death is blocked in the mutant context by overexpression of baculovirus P35, a caspase inhibitor, the mutant phenotype is maintained (Fig. 2F ) (Hay et al., 1994; Neufeld et al., 1998) . Apoptosis is thus unlikely to be responsible for the observed loss of bristles.
Effect of stg on the emergence of precursor cells
The loss of bristles resulting from stg overexpression could be due to an early defect in the determination step or to a defect in later steps (lineage or differentiation). To resolve this issue, we checked whether stg overexpression could affect or abolish the emergence of precursors. In wild type discs, the precursors of the macrochaetes appear in a defined sequence that extends from 30 h before puparium formation (BPF) to 2 h after puparium formation (Huang et al., 1991) . Eight of the 11 macrochaete precursors are present at puparium formation (Fig. 3A) . In mutant discs at the same stage, we observed only four precursors using the klu-Gal4 driver (Fig. 3B) . Furthermore, the only precursors we observed were external to the string expression domain.
It might be that the formation of precursors is simply delayed, rather than abolished, in the mutant discs. We observed, however, that the pSA and pNP precursors are absent, yet the aNP is present, while in normal discs the pSA and pNP precursors are invariably present at the time when the aNP emerges. The aPA precursor is already well advanced in its lineage division, suggesting that there is no overall delay in the formation of precursor cells in the mutant disc. Furthermore, the absence of some of the precursors at puparium formation in the mutant discs correlates well with the loss of bristles observed in the adult. We conclude, therefore, that the overexpression of stg abolishes the determination of sense organ precursor cells.
Lifting mitotic quiescence in clones
In order to confirm the results described above, we used a different system to drive ectopic expression of stg based on clonal activation of Gal4. This was achieved by using the yeast flip-out system (see Section 4), in which the clones can be visualized by anti-galactosidase immunolabelling.
Double-labelling for b-galactosidase and BrdU revealed that stg-overexpressing clones usually do not overlap with quiescent zones surrounding the presumptive precursor cells (Fig. 4A-C) . This result was confirmed when we used antiAchaete to label the precursor cells. Double-labelling for the clones (Fig. 4D ) and for the precursors (Fig. 4E) revealed that the clones surround positions where the precursor cells form (Fig. 4F) .
X-gal staining visualized clones of cells overexpressing stg in adult flies. We observed a loss of microchaetes in the clones (Fig. 4G) , showing again that the overexpression of stg has a marked effect on the formation of sensory organs. The effect was much less pronounced on the macrochaetes. This is largely due to the avoidance of macrochaete sites by the clones (Fig. 4H) , as mentioned above. Macrochaete losses were only observed within large clones (Fig. 4I) . This latter observation suggests that they were induced prior to the onset of quiescence, and more likely reflects the fact that clones cannot be induced in quiescent cells.
stg downregulates proneural gene expression
In order to understand why the forced expression of stg interferes with precursor cell determination, we examined the acquisition of proneural competence in mutant conditions. The ac and sc genes are expressed in clusters of cells in the notum part of wing discs and provide proneural competence (Romani et al., 1989; Skeath and Carroll, 1991; Cubas et al., 1991) . Their products accumulate at higher levels in one cell of the cluster, which enlarges and becomes the precursor cell. We analysed the distribution of the Ac product at puparium formation, when the high level of Ac in the precursors is easily distinguished from the lower levels in the other cells of the proneural clusters (Fig. 5A) .
When we labelled discs that overexpress stg under the control of klu-Gal4, we observed the disappearance of most of the cells that express Ac at high level in mutant (Fig. 5B) comparatively to wild type discs (Fig. 5A) . This was expected since we know that many of the precursor cells do not form. We also observed a marked reduction in the level of Ac protein in the proneural clusters (Fig.  5B) . We conclude that the overexpression of stg disrupts the initiation of bristle development by inhibiting expression of proneural gene products. Using the flip-out system, we observed one exceptional clone of stg-overexpressing cells that covered the presumptive aNP site (Fig. 5D , green cells). In the same disc, anti-Ac labelling reveals the absence of the aNP proneural cluster (Fig. 5C ), while none of the other clusters were affected, confirming our previous conclusion.
We therefore undertook in situ hybridization using sc antisense cDNA as a probe to determine whether proneural gene expression is downregulated at the mRNA level after stg overexpression. In sharp contrast to wild type discs (Fig.  5E ), klu-Gal4/UAS-stg mutant discs fail to express sc RNA at a detectable level (Fig. 5F ). Remarkably, sc expression is also fainter in the proneural clusters that give rise to aNP and aPA precursors. Considering that these bristles never disappear in the adults, this result suggests that the determination of a precursor cell is relatively insensitive to large variations in the amount of proneural gene products.
Effect of stg on E(spl) expression
Our results suggest that the overexpression of stg downregulates the expression of ac and sc. The Notch pathway is involved in the singling out of the precursor cells by lateral inhibition. This led us to examine whether stg has an effect on the activity of this pathway.
The best known targets of activated Notch are the bHLHencoding genes of the Enhancer of Split (E(spl)) complex. These genes (Mg, Mb, Md, M3, M5, M7 and M8) encode for transcriptional repressors of the achaete and scute genes, and accumulate in those cells of proneural clusters that are prevented from adopting the neural fate (Kramatschek and Campos-Ortega, 1994; Jennings et al., 1994 Jennings et al., , 1995 . When the E(spl) genes are inappropriately expressed in presumptive neural precursors, neural development is abolished (De Celis et al., 1996; Nakao and Campos-Ortega, 1996; Giebel and Campos-Ortega, 1997; Jennings et al., 1999) .
The monoclonal antibody mAb 323 (Jennings et al., 1994) recognizes at least five of seven bHLH proteins of the E(spl) complex and so provides a reliable indicator of the cumulative expression of these proteins. We have used this antibody to examine the distribution of the E(spl) bHLH proteins in context of stg overexpression.
As described by Jennings et al. (1994) , and illustrated in Fig. 6C , labelling with mAb 323 reveals clusters of cells (Fig. 6B ) that surround the precursor cells (Fig. 6A) . Previous reports have shown that transcription of the E(Spl) genes depends on the ac and sc genes themselves in the proneural domains (Kramatschek and CamposOrtega, 1994) . In klu-Gal4/UAS-stg mutant discs, one would therefore expect a deep decrease or absence in the level of E(spl) products at the positions where proneural expression is depressed (pNP, pSA, and aSC). But we observed that E(Spl) expression remains unchanged (Fig.  6E, F) relative to the wild type in spite of the absence of several of the precursor cells (Fig. 6D ). In conclusion, when cell cycle is forced in proneural clusters in conditions of stg overexpression, downregulation of ac/sc transcription is associated to an up-regulation of the E(Spl) targets of the Notch pathway.
Activation of the E(Spl) genes by stg is cell-autonomous and occurs outside of proneural regions
The above results suggest that overexpression of stg acti- vates and/or stabilizes endogenous E(Spl) expression. In this context, given the suppressive effect of the E(Spl) genes on ac/sc transcription, precursor cells would not be selected. To further evaluate the ability of stg overexpression to overactivate E(Spl), we have examined clones of cells constitutively expressing stg outside of proneural regions in imaginal discs. Out of 10% of clones showed elevated expression of E(Spl) in a cell-autonomous fashion ( Fig. 7B-D ; compare with control in Fig. 7A ). If stg impinges on the Notch pathway at the level of the signalling ligand, one would expect the effect to be non-autonomous. The observed cell-autonomy of E(spl) activation suggests therefore that stg does not affect communication between cells which occurs during the lateral inhibition processes.
It is noticeable that the clones that coexpressed stg and E(Spl) are of small size, low frequency and dispersed. In general, clones in Drosophila are continuous, and formed by neighbouring cells with somewhat irregular borders (cf. Fig.  4A, D) . Nevertheless, we ruled out the possibility that these particular clones could result from an artefact. First, in the Fig. 5 . Downregulation of proneural genes expression by stg. Anti-achaete labelling in wild type discs (A) or in klu-Gal4/UAS-stg mutant discs (B). A clone of string-overexpressing cells (5D in green) including a proneural domain (black-tipped arrow in C) ; the expression of Ac appears completely suppressed (C). (E,F) The expression of the sc gene is visualized by in situ hybridization in wild-type (E) and klu-Gal4/UAS-stg mutant discs (F).
same experiments, we also obtained normal-looking clones (Fig. 7A ) of classical size and shape, which usually avoid the domains of endogenous E(Spl) expression. Second, the four illustrated mutant clones come from three independent experiments, and in these mutant clones some cells do not express E(Spl) (arrowheads in Fig. 7B-D) , while in the same disc E(Spl) expression in proneural domains is maintained and not associated with a green-labelling (arrows in Fig.  7D ). These observations exclude the possibility of crossreaction between the secondary antibodies and fluorescent leakage between the two fluorochromes. Furthermore, such atypical clones have already been reported in previous studies when Minute 2 clones were induced in a background of wild type cells in wing imaginal discs (Simpson and Morata, 1981 ; cf. Discussion).
Discussion
For many years, subordination of a genetic developmental program to cell cycle progression has been predicted (Foe, 1989) . In the embryonic stage of drosophila development, perfect synchrony of a mitotic program with cytoskeletal reorganization, cell determination processes and morphogenetic events have offered a tractable system to investigate this question. Surprisingly, in spite of extensive investigations, an intimate direct coordination between cell proliferation and morphogenesis has only recently been demonstrated for embryonic mitotic domain 10 during gastrulation movements (Seher and Leptin, 2000; Grosshans and Wieschaus, 2000 ; Mata et al., 2000) .
Mitotic activity of imaginal disc cells has been extensively studied (Edgar and Lehner, 1996; Milan et al., 1996a,b; Milan, 1998) . The patterns of timing, orientation and extent of cell division are very dynamic, but invariably development of the peripheral nervous system (PNS) in wing discs is preceded by a G2 cell cycle arrest.
In this study, we report that cell cycle control is a major determinant of the PNS installation and propose a new connection between the cell cycle and effectors of the Notch pathway, in vivo.
Effect of stg on precursor formation
To assess the functional significance of the mitotic quiescence associated with the emergence of sensory precursor cells in the wing disc of Drosophila, we have overexpressed the stg gene, a rate-limiting inducer of the G2/M transition. We have shown that forcing G2 arrested cells into mitosis results in a loss of adult sense organs. The corresponding precursors are also lost. We have obtained this result by using two distinct transgenic systems to control the timing and spatial location of stg-overexpression. In both cases, precursors are not selected because ac/sc proneural expression is repressed. This repression occurs at a transcriptional level. Noteworthy, the fact that bristles are lost using either the sca-Gal4 driver to overexpress stg, or the klu-Gal4 driver, demonstrates that overexpression of stg not only prevents the early accumulation of Ac/Sc (klu-Gal4 driver), but can also downregulate Ac/Sc after the levels of these proteins have started to rise (sca-Gal4 driver). Thus, we concluded that the arrest in G2 is necessary for proper determination of precursor cells. The complexity of the 5 0 regulatory sequences of stg already indicated that this mitotic regulator might itself integrate information from patterning genes (Lehman et al., 1999) . For instance, the regulatory regions of the stg gene possess putative recognition sites for Achaete and Scute transcription factors . Here, we show that stg can itself control the expression of developmental genes. The effect of stg on cell determination is unlikely to be direct, however, since the only known function of stg is to dephosphorylate the CDK1-cyclin B mitotic kinase. Future genetic approaches may reveal whether or not string has other biochemical targets.
stg acts as a switch between proliferation and determination
After stg overexpression using the klu-Gal4 driver, we observed that E(Spl) expression is maintained in proneural regions in absence of Ac/Sc. We also observed that stg can cause accumulation of the E(Spl) bHLH genes outside of proneural clusters, in a cell-autonomous mode. Maintenance of expression of E(Spl), a transcriptional repressor of the ac/ sc expression, is relevant. It can functionally justify the loss of precursor cells. Nevertheless, it was previously reported that E(Spl) transcription was dependent on the ac-sc genes in the proneural clusters (Singson et al., 1994 ; Kramatschek and Campos-Ortega, 1994) . One explanation could be that deregulation of the cell cycle directly or indirectly increases transcription of the E(Spl) genes by modifying activity of upstream activators of the E(Spl) expression. Considering this hypothesis, E(Spl) should sometimes be expressed in incorrect positions compared to its wild-type expression. On the contrary, because E(Spl) genes are expressed at the exact positions for proneural clusters, we suggest that forcing cell cycle more likely affects E(Spl) expression at a posttraductional level rather than at a transcriptional level. In the mutants, initial transcription of E(Spl) genes would still have been dependent on Ac/Sc, which begin to accumulate in proneural domains. But, it is known that at least E(Spl) m5, m7 and m8 isoforms contain a PEST-rich motif that harbors an invariant Serine residue, which is phosphorylated by the casein kinase II (Trott et al., 2001) . Casein kinase II is a ubiquitous serine/threonine kinase whose activity fluctuates with cell cycle progression (Hanna et al., 1995) . Phosphorylation usually regulates protein stability via activation of PEST motifs (Chevaillier, 1993) . Modification in the phosphorylation status of some E(Spl) proteins could exhibit a longer half-life in vivo, thus leading to their predominance over the proneural proteins, and therefore to an inhibition of neurogenesis. In other words, premature entry in the cell cycle would introduce an external bias in the highly dynamic process that opposes the antagonistic E(Spl) and Ac/Sc proteins and which normally occurs in cells of proneural clusters. It would confer an advantage to E(Spl) over proneural activity and would explain persistence of E(Spl) proteins after proneural products have disappeared.
The stg-overexpressing clones, which coexpress high levels of E(Spl), are of low frequency. In the wing primordium, E(Spl) mRNAs are normally detected in proneural clusters, but also in a broad pattern that has no direct relationship with the sensory organs (Cooper et al., 2000) . We may have also stabilized these Ac/Sc-independent forms of E(Spl) outside of proneural domains (Jennings et al., 1995; De celis et al, 1996) .
The stg-overexpressing clones are systematically smaller that control clones. This size difference could be related to the capacity of the Notch pathway to negatively control cell proliferation Morimura et al., 2000; Sriuranpong et al., 2001) , thus forming a negative feedback loop to precisely coordinate growth and patterning. Striking similarities with the Minute 2 clones induced in wild-type wing discs can be mentioned here. The Minute 2 clones display a cell-autonomous slow mitotic rate. Interestingly, when a wing disc is mosaic for two populations of cells, the one dividing more slowly tends to be rapidly eliminated. This phenomenon is termed cell competition (Morata and Ripoll, 1975) . Another feature of the Minute 2 clones is their fragmentation into patches, which is a rare phenomenon. We favoured the idea that clones coexpressing stg and E(Spl) could also be split clones. This dispersion may reflect a difference in surface affinities, which could result in a loss of cohesion.
Altogether, our results suggest that proneural competence can only develop in mitotically arrested cells. The programmed incompatibility between cell cycling and proneural product accumulation may have several general, and not mutually exclusive, functional correlates. In proneural clusters, keeping cells together in a continuous group may be necessary. Indeed, cell interactions could be required to maintain Ac/Sc levels via indirect autoregulation through cell-cell signalling. Furthermore, a G2 arrest may be necessary to preserve a balance between the levels and/or activities of E(Spl) and Ac/Sc products which could directly or indirectly be dependent on post-traductional modifications. The relative strength of the signal impinging on a given cell determines whether products of the proneural genes or products of the E(Spl) become finally predominant. Changing the cell cycle phase could disrupt this equilibrium. Finally, divisions that underly normal cell proliferation and those involved in the fixed lineage of the precursor cell, make different demands on the cytoskeletal machinery. The asymmetric divisions of the precursor cell are strictly controlled in orientation and in time (Gho and Schweisguth, 1998) . These controls are presumably essential to realize a correct lineage (Hawkins and Garriga, 1998) . A period of mitotic quiescence may give the precursor cell the time and/or conditions required to reorganize its cytoskeleton in order to shift to an asymmetric mode of division. We have demonstrated that although a quiescent period systematically precedes the emergence of neural precursors, re-entry into mitosis is independently controlled in the precursor and the surrounding epidermis. This suggests that quiescence is a necessary step preceding the lineage of the precursor. Moreover, the decision of the precursor to enter in its lineage is made independently of the mitotic state of its surrounding cells.
Mitotic domains: invertebrates versus vertebrates
In Drosophila embryos, clusters of synchronously dividing cells appear over the blastoderm surface shortly after cellularisation (Foe, 1989) . These mitotic domains corre-spond to distinct developmental fates. In the case of mitotic domain 10, which corresponds to the prospective mesoderm, it has been demonstrated that mitotic inhibition is essential for normal gastrulation (Grosshans and Wieschaus, 2000; Mata et al., 2000; Seher and Leptin, 2000) .
Mitotic domains have been also described in vertebrates. In zebrafish embryos, mitotic domains arise after the midblastula transition (MBT) with characteristic cell cycle lengths (Kane et al., 1992) . In Xenopus laevis, axial mesodermal cells become non-mitotic after involution, while cells in the future cement gland cease completely proliferation as they begin to accumulate pigment (Saka and Smith, 2001) . No cell division is observed in the presumptive notochord. A recent study in Xenopus shows that in the ciliary marginal zone of the retina, which generates neurons and glial cells, activation of the cell cycle by injection of cyclin E1 inhibits the function of the related proneural gene Xath5. Reciprocally, a forced cell cycle exit, caused by the cyclin kinase inbibitor p27Xic1, potentiates the Xath5 function (Ohnuma et al., 2002) . Nevertheless, in the same system, forced cell cycle exit by activation of the Notch pathway, either inhibits Xath5 induction of retina glial cells (Schneider et al., 2001) , or promotes the function of coexpressed proneural genes (Ohnuma et al., 2002) .
Our work demonstrates that a causal relationship exists between cell cycle and neural determination in an endogenous system, the drosophila wing imaginal discs, in which E(Spl) effectors of the Notch pathway would behave as integrative sensors of the cell cycle status.
Experimental procedures
Immunohistochemistry
In order to monitor the replication of the wing disc cells in third instar larvae, the thymidine analogue 5-bromo-2 0 deoxyuridine (BrdU) was used. BrdU (Sigma) was applied by incubating the discs in a 50 mg/ml solution of BrdU in Schneider's medium for 1 h. Following incorporation of BrdU, discs were fixed overnight at 48C in PBS containing 1% PFA and 0.01% Tween. After three washes with PBS, DNA was denatured with bovine pancreatic DNAse-I during 30 min at 378C. The nuclei that have incorporated BrdU into their DNA are marked by a monoclonal antibody against BrdU (Becton-Dickinson, Mountain View, California). The anti-Ac monoclonal antibody (a gift from S. Carroll) was used as described previously (Skeath and Carroll, 1992) . The mAb393 antibody was used to detect E(spl) expression as described in Jennings et al.(1995) . The anti-cyclinB antibody mAbF2F4 comes from the Developmental Studies Hybridoma Bank (Pat O'Farrell). Secondary antibodies were from Promega (used 1/250).
Gal4/UAS misexpression experiments
We ectopically expressed the stg gene using the Gal4/ UAS system of Brand and Perrimon (1993) . The UAS-stg line was a gift from Ernst Hafen. We used as drivers a scaGal4 and a klu-Gal4 line, where the expression of Gal4 is under the control of the scabrous promoter (Mlodzik et al., 1990 ) and the klumpfuss promoter, respectively (Klein and Campos-Ortega, 1997) . The lines were obtained from the Bloomington Stock Center. We used the flip-out system to remove a transcriptional block introduced between the Gal4 coding sequence and the constitutive promoter of the tubulin gene (Pignoni and Zipursky, 1997) . Heat-induction of the flp gene results in the occasional excision of the transcriptional block, and therefore in the permanent expression of the UAS-stg transgene in random clones of cells.
Confocal microscopy
We used a Biorad 1024 CLSM system with an upright Nikon Optiphot II microscope and an Argon-Krypton ion laser (15 mW) with emission lines at 488 nm for fluorescein isothiocyanate excitation (emission filter 522/32), and 568 nm for rhodamine excitation (emission filter 605/32). 60 £ or 20 £ Nikon planapo objectives were used. Images were collected sequentially to avoid cross-contamination between the fluorochromes. Series of optical sections were collected and projected onto a single image plane in the laser sharp 1024 software and processing system.
Generation of mosaics
Clones of cells expressing Gal4 were induced at 24-48 h after egg laying (AEL) by exposing at 378C for 30 min flies of the following genotype: hsp-flp; P(Tub-FRT polyA FRTGal4 UAS-lacZ)/UAS-string. The flip-out of the FRT polyA FRT cassette results in the expression of Gal4 gene under the control of the Tubulin promoter. Clones were detected by immunolabelling with anti-b-galactosidase and were analysed in late third instar larvae.
Mutants and markers
Mutations on the third chromosome were balanced over TM6B,Tb, a balancer chromosome that carries the dominant mutation Tubby which allows the identification of mutant homozygous larvae. The analysis of bristle precursors was done with the enhancer-trap line A101, where lacZ is expressed under the control of the neuralized gene promoter (Boulianne et al., 1991) , and is expressed in the sensory precursor cells (Huang et al., 1991) .
In situ hybridization
Whole-mount in situ hybridization on imaginal discs was carried out using digoxigenin-labeled scute DNA probes following the protocol of Cubas et al.(1991) . Juan Modolell kindly provided the plasmid constructs used to synthesize the probes.
